An omega-3 fatty acid, docosahexaenoic acid (DHA), is enriched in testicular membrane phospholipids, but its function is not well understood. The Fads2 gene encodes an enzyme required for the endogenous synthesis of DHA. Using Fads2-null mice (Fads2À/À), we found in our preceding studies that DHA deficiency caused the arrest of spermiogenesis and male infertility, both of which were reversed by dietary DHA. In this study, we investigated a cellular mechanism underlying the DHA essentiality in spermiogenesis. Periodic acid-Schiff staining and acrosin immunohistochemistry revealed the absence of acrosomes in Fads2À/À round spermatids. Acrosin, an acrosomal marker, was scattered throughout the cytoplasm of the Fads2À/À spermatids, and electron microscopy showed that proacrosomal granules were formed on the trans-face of the Golgi. However, excessive endoplasmic reticulum and vesicles were present on the cis-face of the Golgi in Fads2À/À spermatids. The presence of proacrosomal vesicles but lack of a developed acrosome in Fads2À/À spermatids suggested failed vesicle fusion. Syntaxin 2, a protein involved in vesicle fusion, colocalized with acrosin in the acrosome of wild-type mice. In contrast, syntaxin 2 remained scattered in reticular structures and showed no extensive colocalization with acrosin in the Fads2À/À spermatids, suggesting failed fusion with acrosin-containing vesicles or failed transport and release of syntaxin 2 vesicles from Golgi.
INTRODUCTION
Highly unsaturated fatty acids (HUFAs), arachidonic acid (AA), and docosahexaenoic acid (DHA) are major fatty acids in the sn-2 position of membrane phospholipids and physiologically essential for proper cellular function. Whereas AA, an omega-6 fatty acid, is found in many tissues, DHA, an omega-3 fatty acid, is highly enriched in retina, brain, and testis [1, 2] . A major function of AA is to mediate inflammatory reactions in response to cell injury and infection by serving as a precursor of eicosanoids [3] . Growing evidence indicates that HUFAs also play a role in functions of membrane-associated proteins [4] [5] [6] and in membrane fusion such as neurite growth and postsynaptic receptor recycling in brain [7, 8] , and turnover of photoreceptor disks in retina [9] . In humans, low sperm DHA was reported in subjects with oligozoospermia and asthenozoospermia, implying the involvement of DHA in spermatogenesis [10, 11] . A high concentration of DHA in the human sperm tail implies a possible role of DHA in sperm motility [10] . Also, involvement of AA in male reproduction was implicated because synthesis of prostaglandin D 2 , E 2 , and I 2 was detected in testis and epididymis [12, 13] .
The vital importance of HUFAs in male reproduction was unequivocally demonstrated recently using the fatty acid desaturase-2 knockout (Fads2À/À) mouse [14, 15] . In mammals, the Fads2 gene encodes for the enzyme delta-6 desaturase, which catalyzes the first step of HUFA synthesis from precursor dietary essential polyunsaturated fatty acids, linoleic and alpha-linolenic acid, as well as the last desaturation step of DHA synthesis [16] . Advantages of Fads2À/À mice in investigating HUFA function are: 1) HUFA deficiency can be created without depleting a precursor fatty acid, linoleic acid [14] , which is essential for skin water barrier function [17] , and 2) DHA deficiency can be created without an increase in omega-6 docosapentaenoic acid, which may obscure the role of DHA by partly compensating its function [14, 18] . When fed a HUFA deficient diet, male Fads2À/À mice become infertile because of disrupted spermatogenesis. Sperm counts in Fads2À/À mice are low, with abnormal morphology and loss of motility [14, 18] . Dietary DHA fully restores fertility in Fads2À/À mice, with normal sperm morphology, whereas dietary AA was less effective in restoring fertility and sperm morphology, indicating a specific requirement of DHA for normal spermatogenesis [18] .
Although the necessity of DHA in spermatogenesis has been demonstrated, the mechanism underlying DHA's specific function is yet to be elucidated. In Fads2À/À mice, spermatogenesis proceeds to the stage of round spermatid but is halted during spermiogenesis, the stages involved in acrosome biogenesis, head elongation, and tail formation, which results in fully formed spermatozoa. Consequently, the epididymis of Fads2À/À is filled with sloughed round spermatids and a small number of sperm that exhibit globozoospermia, a condition resulting in sperm with abnormal round heads [18] . Impairment of acrosome formation during spermiogenesis leads to globozoospermia [19] . Thus, the presence of globozoospermia in Fads2À/À mice suggests that DHA may be required for acrosome formation.
The acrosome is a large, flattened, Golgi-derived vesicle that is attached to the spermatid nuclear envelope during spermiogenesis [20] [21] [22] [23] . The Golgi of spermatids consists of several stacks of saccules with a cis-network facing the endoplasmic reticulum (ER), and a trans-Golgi network (TGN) facing the nuclear envelope during acrosome formation. The initial Golgi phase consists of sorting and packaging of acrosomal components, such as the protease acrosin, into vesicles known as proacrosomal granules. A cisternal maturation model was proposed where a continuous flow of membrane and cargo protein progresses through the cis-and TGN saccules [22, 24] . At the TGN, saccules are fragmented into proacrosomal granules and targeted to the nuclear envelope where fusion occurs to form a single acrosomal granule [21, 25] that attaches to the acroplaxome (the nuclear envelope region where the acrosome develops) and flattens [20] [21] [22] [23] . Subsequently, the acrosome continues to grow in size as more Golgi-derived proacrosomal granules fuse [26] . Anterograde and retrograde trafficking between TGN and acrosome is involved in proper shaping and sizing of the acrosome [27] . Considering that DHA is an important component of membrane phospholipids, lack of this fatty acid may affect the Golgi's ability to provide vesicles and acrosomal components. DHA, as a free fatty acid, is able to activate proteins of vesicle fusion machinery, such as syntaxin [28] . Proteins of this vesicle fusion complex have been identified in spermatids during acrosome biogenesis [29] . Thus, DHA may also be required for proper interaction of vesicle fusion components in Golgi and Golgi-derived vesicles during acrosome formation. In this study, we investigated an essential role of DHA in spermiogenesis by examining intracellular impairment under HUFA deficiency with particular focus on the Golgi apparatus and acrosome biogenesis.
FIG. 1. Periodic acid-Schiff (PAS) staining
and acrosin immunohistochemistry show lack of the acrosome in testis of Fads2À/À. Upper panel (A-H), PAS staining. In Fads2þ/þ, acrosome is detected by PAS staining as a purple-magenta color (arrows) on the nuclear envelope of round spermatids (A) and along one edge of the elongated sperm heads (B). In Fads2À/À, the acrosome is not detected in round spermatids (C) nor in later-step spermatid heads (D). Supplementation of AA (E, F) or DHA (G, H) to Fads2À/À restores positive PAS staining along the nuclear envelope of round and elongated spermatid heads. Lower panel (I-L), immunohistochemistry of acrosin (red) and nuclei (blue). I) Fads2þ/þ shows large spermatocytes (S) with fragmented nuclear staining and acrosin (an acrosome marker) as a caplike structure (arrows) on the nuclear envelope of round (Rs) and elongated spermatids (Es). J) Fads2À/À shows the presence of spermatocytes (S) and round spermatids (Rs). However, acrosin in the round spermatids did not form caplike structures (arrows) nor develop in the elongated spermatids, whose nuclear staining remained rounded, Es(ab). K, L) Supplementation with AA or DHA, respectively, restores acrosin caplike staining (arrows) as well as formation of elongated spermatids (Es). Bars ¼10 lm (upper panel) and 25 lm (lower panel).
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MATERIALS AND METHODS

Animals and Diets
All the animal work was approved by the University of Illinois Institutional Animal Care and Use Committee. Mice used in the experiment were produced by breeding heterozygous males and females fed a standard rodent chow. Mice were mixed strain (129S6/SvEvTac/C57BL/6J) for immunohistochemistry and pure strain (C57BL/6J) for electron microscopy. At weaning, wild type (Fads2þ/þ) and Fads2 null (Fads2À/À) mice were distributed to receive one of the following diets: control diet (AIN93G), AIN93G supplemented with 0.2% (w/w) AA, or AIN93G with 0.2% (w/w) DHA. The AIN93G diet is a purified, nutritionally adequate diet that contains sufficient linoleic acid and a-linolenic acid, but no AA or DHA [30] . DHASCO and ARASCO oils (Martek Biosciences) were used to supplement the DHA and AA, respectively. Dietary groups consisted of three to five mice. Mice were single housed at weaning and received the diet until 4 mo of age.
Periodic Acid-Schiff Histology
Testes were excised and fixed in Davidson solution for 24 h and then transferred to 10% neutral buffered formalin. The testes were trimmed and embedded in paraffin. Sections were cut at 3 lm and stained with hematoxylin/ eosin and periodic acid-Schiff (PAS) reagent to visualize the acrosome [31] .
Immunohistochemistry
Testes sections (5 lm) were dewaxed in Histoclear (Electron Microscopy Sciences) and rehydrated in a graded ethanol series followed by PBS. Heatinduced epitope retrieval was carried out with 10 mM citrate buffer (pH 6) in a water bath at 958C for 40 min. The sections were blocked by IT signal Fx blocking reagent (Invitrogen) incubated in a cocktail of blocking agent with multiple primary antibodies such as rabbit polyclonal anti-acrosin (1:50; sc-67151; Santa Cruz Biotechnology, Inc.) and mouse monoclonal anti-actin (1:100; ab40864; Abcam Inc.) or mouse monoclonal anti-syntaxin 6 (1:100; ab12370; Abcam Inc.). A technique for the detection of primary antibodies of the same host species was used for rabbit polyclonal anti-syntaxin 2 (1:100; ab12369; Abcam Inc.) and rabbit polyclonal anti-acrosin (1:50; sc-67151; Santa Cruz Biotechnology, Inc.), consisting of unconjugated Fab fragments for blocking after the initial secondary antibody step. The primary targets were and for normal (gray) or fragmented caplike structure (white) by acrosin staining. PAS: at least 100 round spermatids were counted per mouse (n ¼ 3; error bars, SD); groups with different letters are significantly different by one-way ANOVA, followed by Fisher protected least-significant difference test (P , 0.05). Acrosin: at least 400 round spermatids were counted per group from two different males; *, significantly different by chi-square versus Fads2þ/þ (P , 0.05); #, significantly different by chi-square from DHA-fed Fads2À/À (P , 0.05).
probed with a goat anti-mouse and/or goat anti-rabbit secondary antibodies conjugated with fluorescent dyes (Alexa 488 or 647; Invitrogen) and counterstained with 0.5 lg/mL nuclear dye (Hoechst 33342; Invitrogen) in PBS. Finally, the sections were mounted in Prolong Gold media (Invitrogen) under a no. 1.5 cover glass, cured for 24 h, sealed with top coat nail polish, and stored at 48C until analyzed.
Confocal Laser Scanning Microscopy, Deconvolution, and Three-Dimensional Rendering
Samples were imaged using either a 403 C-apochromat DIC 1.2 NA water immersion objective or a 633 plan apochromat 1.4 NA DIC oil objective in a Zeiss LSM 710 laser scanning confocal microscope (Carl Zeiss). The images were obtained using a 405 ultraviolet diode laser (410-450 nm emission for Hoechst), 488 Ar laser for actin (500-550 nm emission), 633 nm HeNe mixed gas laser for acrosin (650-700 nm emission), and a differential interference contrast image using the transmitted light configuration of the same 633 nm laser via a TPMT module. The individual channels were obtained in a sequential scan mode so there was no excitation signal bleed through. Laser power, gain, and offset were kept constant across the samples and scanned in a high resolution format of 1024 3 1024 pixels with 2/4 frame averaging. Multiple two-dimensional (2D) image stacks (512 3 512 pixels) were taken along the Z axis if necessary. Raw data of Z stacks were deconvolved in Figures 2, 4 , and 10 using a blind deconvolution algorithm under 10 constrained iterations and medium noise setting (Autoquant version X 2.2; Mediacybernatics). Single optical plane of individual channels of actin, acrosin, syntaxin 2 and syntaxin 6 were picked up (with or without zoom) or all the optical planes were displayed as a gallery; 3D volume isosurface were rendered using the Surpass module in the Imaris suite software (Bitplane). Differential interference contrast images in the same 3D stacks for a specific optical plane were picked up using either the Imaris program or the Zen 2009 software (Carl Zeiss).
Electron Microscopy
Male mice (C57BL/6J) of Fads2þ/þ and Fads2À/À genotypes were fed AIN93G diet until 16 wk of age and then injected i.p. with heparin (125 international units/kg body weight) 15 min prior to euthanasia. The mice were anesthetized with pentobarbital (30 lg/g body weight), perfused with PBS, and fixed with 5% glutaraldehyde in 0.05 M sodium cacodylate buffer (pH 7.2-7.4) through the left ventricle. The testes were diced into small pieces, postfixed in osmium tetroxide/potassium ferrocyanide, dehydrated, and embedded in epoxyresin. One-micrometer sections were stained with toluidine blue for high resolution light microscopy examination of spermiogenesis. Ultramicrotome sections at 70 nm were prepared and stained for electron microscopy. Imaging was performed with a Hitachi H600 electron microscope.
RESULTS
HUFA Deficiency Results in Disrupted Acrosome Formation
We evaluated the presence or absence of an acrosomal structure on round spermatids during spermiogenesis. The acrosome, in Fads2þ/þ mice, was detected by PAS staining as a purple-magenta color on the nuclear envelope of round spermatids (Fig. 1A) as well as along one edge of the elongated spermatid head (Fig. 1B) . Because Fads2þ/þ mice are capable of synthesizing their own HUFAs from precursor fatty acids provided in the diet, they do not develop HUFA deficiency. In contrast, PAS stain was absent in round spermatids and elongated spermatid heads in HUFA-deficient Fads2À/À mice ( Impaired acrosome formation due to HUFA deficiency could not be explained by a decrease in testosterone levels because the seminal vesicle weights were not significantly different between Fads2þ/þ and Fads2À/À mice (Supplemental Table  S1 ; all the supplemental data are available online at www. biolreprod.org).
The results of immunohistochemistry ( Fig. 1 , I-L) were consistent with the PAS staining. In Fads2þ/þ, nuclear stain showed all the steps of spermiogenesis leading to elongated (2), Golgi phase spermatids (3), step 14-elongated spermatids within the seminiferous epithelium (4), preleptotene spermatocytes (5), pachytene spermatocytes (6), cap phase spermatids (7), step 16-elongated spermatids aligned at the lumen (8) , and acrosin accumulating in the cytoplasmic lobes (9) . B, D) Magnified insets of the boxed areas in A and C, respectively, showing a 3D isosurface rendering of acrosin (red) and Hoechst staining (blue) in a Fads2þ/þ Golgi phase spermatid (B) and a cap phase spermatid (D) with the acrosome (ac). E, G) Overviews of seminiferous tubules from Fads2À/À in stages II-III and VI-VII, respectively. Numbering is the same as in A and C, respectively. F, H) Magnified insets of the boxed areas in E and G, respectively, showing a 3D isosurface rendering of acrosin (red) and Hoechst staining (blue) in a Fads2À/À Golgi phase spermatid (F) and a cap phase spermatid (H). Bars ¼ 5 lm (A, C, E, G) and 1 lm (B, D, F, H). spermatids and spermatozoa. Immunostaining for acrosin, an acrosome marker, revealed a characteristic caplike structure attached to the nuclear envelope of round spermatids (Fig. 1I) . Nuclear stain in Fads2À/À showed that spermatogenesis proceeded normally up to round spermatids, but elongated spermatids were abnormal, confirming disrupted spermiogenesis (Fig. 1J) . With HUFA deficiency in Fads2À/À, acrosin staining demonstrated a lack of the acrosomal caplike structures, with acrosin staining appearing in a punctate pattern (Fig. 1J) . Supplementation with either AA (Fig. 1K) or DHA (Fig. 1L ) in Fads2À/À mice resulted in the reappearance of the caplike acrosin staining in round and elongated spermatids.
Spermiogenesis Is Disrupted at the Golgi Phase Due to HUFA Deficiency Spermiogenesis consists of 16 steps, which can be divided into four phases: Golgi (steps 1-3), cap (steps 4-7), acrosomal (steps [8] [9] [10] [11] [12] , and maturation (steps [13] [14] [15] [16] [31, 32] . Acrosome biogenesis occurs during the Golgi and cap phases. Acrosome biogenesis proceeds to a cap phase in which the acrosomal granule is flattened over half of the nucleus. Differentiation of round spermatid into elongated spermatid and spermatozoa occurs during the acrosomal and maturation phases.
Actin, a component of the Sertoli cell ectoplasmic specialization, is involved in the docking of proacrosomal granules at the acroplaxome [33] . In Fads2 þ/þ and Fads2À/À mice, actin immunofluorescence appeared to form normal ectoplasmic specializations above the round spermatids, suggesting that HUFA deficiency did not disrupt Sertoli cell function (Fig. 2, E-H ). In the merged images, the caplike acrosin staining aligned with the actin of Sertoli cells in Fads2þ/þ and AA-and DHA-supplemented Fads2À/À testes (Fig. 2, M , O, and P, and Supplemental Movies S1, S3, and S4, respectively). In contrast, HUFA-deficient Fads2À/À mice lacked the acrosin caplike structure, with acrosin staining appearing in a punctate pattern within the cytosol (Fig. 2, J and N, and Supplemental Movie S2), indicating that acrosin was synthesized in the ER and targeted to small proacrosomal granules. Three dimensional integration of confocal images with a top (Fig. 2 , Q-T) and side view (Fig. 2, Q 0 -T 0 ), confirmed this observation. In Fads2þ/þ, acrosomal caps were observed as a continuous acrosin stain (Fig. 2, Q and Q 0 ), while in HUFA-deficient Fads2À/À mice, acrosin was scattered in
Higher magnification of the boxed region in (A) showing proacrosomal granules (pg) within the trans-face of the Golgi (g). C) Fads2þ/þ round spermatid of early cap phase (step 4) showing a large acrosomal granule with nuclear (n) indentation. D) Higher magnification of the boxed region in (C) showing single acrosomal vesicle (av) with acrosomal granule (ag) attached to the acroplaxome (apx) and indenting the nucleus (n). A prominent Golgi (g) with numerous vesicles on the trans-face near the acrosome. E) Later cap phase round spermatid (step 7). Nucleus, n. F) Higher magnification of the boxed region in (E) revealing the acroplaxome (apx) forming a cap over the nucleus (n) and attached to the thin acrosome (ac). The Golgi (g) is still near the acrosomal cap. G) Fads2À/À Golgi phase round spermatid, with the Golgi (box) adjacent to the nucleus (n). H) Higher magnification of the boxed region in (G). Proacrosomal granules (pg) are seen on the trans-face of the Golgi (g) adjacent to the nucleus (n). I) Early cap phase abnormal round spermatid with flattened region of the nucleus (n) but lacking the acrosomal granules. J) Higher magnification of the boxed region in I. A flattened ER-like saccule (er) is attached to the nuclear lamina (nl), but the acroplaxome is missing. K) A late cap-phase round spermatid with darkened acroplaxome over the nucleus (n) and adjacent Golgi (g). ESSENTIALITY OF DHA FOR ACROSOME BIOGENESIS the cytosol with no cap formation (Fig. 2 , R and R 0 ). AAsupplemented Fads2À/À mice presented an arclike acrosin stain from a top view (Fig. 2S) ; however, side views revealed fragmented acrosomal caps (Fig. 2S  0 ) . DHA supplementation to Fads2À/À mice was more effective in restoring the continuous acrosomal cap similar to that seen in Fads2þ/þ (Fig. 2 , T and T 0 ).
Differences between AA and DHA in their ability to restore acrosome formation in Fads2À/À were quantified by counting round spermatids positive for PAS as well as those forming an intact acrosomal cap with acrosin staining (Fig. 3) . The percentage of round spermatids positive for the PAS stain was significantly lower (P , 0.05) in Fads2À/À mice supplemented with AA (68.7% 6 5%) when compared to Fads2þ/þ mice (85.5% 6 6%) or DHA-supplemented Fads2À/À (86.3% 6 4%), which indicates fewer acrosomal caps formed with AA supplementation. The difference between DHA and AA supplementations became more pronounced when incomplete formation of the acrosomal caps was subtracted from round spermatids with acrosome staining by immunohistochemistry of acrosin. Acrosin staining with an intact caplike structure was observed in more than half of the round spermatids in Fads2þ/þ (66%) and DHA-supplemented Fads2À/À (57.2%). However, round spermatids of AA-supplemented Fads2À/À mice had significantly fewer round spermatids with completely formed caps (31.8%), with the majority of round spermatids showing a punctate-like or fragmented acrosomal cap (Fig. 3) .
Golgi-Derived Proacrosomal Vesicles Do Not Fuse in HUFA-Deficient Mice
Intracellular distribution of acrosin staining was evaluated more closely by matching the steps of spermiogenesis between Fads2þ/þ and Fads2À/À mice. Because the acrosome was absent in Fads2À/À, the stages of spermatogenesis were identified based on the types of germ cells present in the seminiferous tubules (Fig. 4, A, C , E, and G). In Golgi phase spermatids (stages II-III; steps 2-3), acrosin was seen throughout the cytosol as a punctate pattern in both Fads2þ/þ (Fig. 4B ) and Fads2À/À (Fig. 4F) , suggesting that acrosin was synthesized in the ER, transported to the Golgi, and released as proacrosomal granules in both genotypes. In the late cap phase FIG. 6 . Electron microscopy of spermatid acroplaxomes (apx) in Fads2þ/þ and Fads2À/À mice. A) Acroplaxome (apx) in a Fads2þ/þ mouse is observed between the nuclear membrane lamina (nl) and the single acrosomal sac (ac). Golgi (g) membrane stacks are found adjacent to the acrosome. B, C) In the Fads2À/À mouse, the acroplaxome (apx) appears normal, attached to a normal appearing nuclear lamina (nl). Attached to the acroplaxome are several flattened membranous saccules (1-3) from either Golgi vesicles or ER. A thicker layer of flocculent (f) material separates the saccules. Nucleus, n. Bars ¼ 0.5 lm (A, B) and 0.25 lm (C).
FIG. 7.
Electron microscopy the Golgi apparatus. A) Fads2þ/þ step 5 round spermatid showing the Golgi apparatus (g) with its trans-face adjacent to the acrosomic vesicle (av) containing the acrosomic granule (ag), which lies flattened against the acroplaxome (apx) of the nucleus (n). A single layer of endoplasmic reticulum (er) caps the cis-face of the Golgi. B) Fads2À/À step 5 round spermatid showing the Golgi apparatus (g) adjacent to the acroplaxome (apx) of the nucleus (n) but missing a developing acrosomic system. Extra layers of endoplasmic reticula (er) are formed over the cis-face, with numerous vesicles (v) observed between the layers. C) Fads2À/À round spermatid between steps 4-6. The Golgi apparatus (g) appears to be inverted with the trans-face away from the nucleus and the cis-face with ER sacs (er) adhering to the nuclear (n) envelope. D) Fads2À/À round spermatid between steps 5-8. The trans-face of the Golgi apparatus (g) is correctly facing the nucleus (n), but a large number of vesicles (v) of ER have formed on the cis-face of the Golgi. Bars ¼ 1 lm.
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ROQUETA-RIVERA ET AL. spermatids (stages VI-VII; steps 6-7) of Fads2þ/þ, acrosin staining was seen as an arc over the nucleus in the developing acrosome as well as a punctate pattern within the remaining cytoplasm (Fig. 4D) . In contrast, the Fads2À/À spermatids showed an increased number of punctate acrosin-staining droplets, compared with those in stages II-III, but no acrosome formation, suggesting failed fusion of proacrosomal vesicles (Fig. 4H) .
Using electron microscopy, structural details of failed acrosome formation were further evaluated in Fads2À/À mice. In Fads2þ/þ, Golgi-derived proacrosomal granules were formed in the Golgi phase (Fig. 5, A and B) , which then became a larger, single acrosomal granule, attached to the nuclear envelope at the acroplaxome (step 4; Fig. 5, C and D) . The acrosomal granule flattened over the nuclear envelope forming a cap structure (step 7; Fig. 5, E and F) . Proacrosomal granules were present in Fads2À/À spermatids and were seen between Golgi and the nuclear envelope in the Golgi phase (Fig. 5, G and H) . However, the granules did not fuse to form a single acrosomal structure, nor bind to the nuclear membrane lamina, although the presence of an occasional flattened nuclear envelope indicated that the acroplaxome, a docking site for proacrosomal granules, was observed in the Fads2À/À testes (Fig. 5, I and J) and was similar in ultrastructure to that in the Fads2þ/þ spermatids (Fig. 6 , A vs. B and C). These observations are consistent with acrosin immunohistochemistry, indicating disruption of spermiogenesis at step 2 of the initial Golgi phase. The failure of proacrosomal granule fusion appeared to cause a slight buildup of vesicles within the Golgi toward the cis-face (Fig. 7, B-D) .
Although an acroplaxome could be identified as a dark margin along the Golgi-side of the nuclear envelope, the acrosome was not developed in Fads2À/À spermatids (Fig. 5 , K and L). A structure resembling a pseudoacrosome, previously reported in HrbÀ/À mice [34] , was observed growing over the nuclear acroplaxome (Fig. 5, K and L) , but further examination of these flattened saccules suggested that they may represent ER binding to the acroplaxome, with subsequent overgrowth of ER membranes when the acrosome does not form (Figs. 5L and 6 , B and C). In Fads2þ/þ seminiferous tubules, one to two layers of ER typically cap the cis-face of the Golgi apparatus (Fig. 7A) , as previously described [20, 21, 35] . However, in Fads2À/À tubules, not only were ER-like layers observed attached to the acroplaxome and spermatid nuclei (Figs. 5, J and L; 6, B and C; and 7C), but excessive amounts of ER layers appeared to form on the cis-or capping surface of the Golgi (Fig. 7, B-D) . Thus, the Golgi apparatus often appeared to contain excessive layers of ER and increased numbers of vesicles between the layers (Figs. 6, B and C, and 7, B-D). Unusual formations were observed in some Golgi, with the ER of the Golgi cis-face adjacent to the nuclear membrane and the TGN facing the plasmalemma (Fig.  7C) .
In addition to the loss of acrosome, the Fads2À/À spermatid presented abnormal nuclear indentations or nucleopodes (Fig.  8A) at the acroplaxome and failed elongation of the spermatids (Fig. 8, B-D) . Although manchette microtubules were present, there appeared to be abnormal formation of the marginal ring area, where manchette microtubules appeared to imping on an abnormally dense plaque area of the acroplaxome (Fig. 8D) .
Colocalization of Syntaxin 2 with Acrosin Is Disrupted in HUFA Deficiency
Acrosin immunohistochemistry and electron microscopy data indicate that impaired fusion of Golgi-derived vesicles may be the underlying mechanism resulting in the disruption of acrosome biogenesis under HUFA deficiency. Therefore, localization of syntaxins, which are essential for vesicle fusion as a component of SNARE (soluble NSF-attachment receptor) complex formation [36] , was probed by immunohistochemistry. Among the two syntaxin isoforms expressed in germ cells, syntaxin 2 colocalized with acrosin in the acrosomal cap of Fads2þ/þ round spermatids (Fig. 9, A, E, I , and M), whereas, colocalization was lost in Fads2À/À (Fig. 9B, F, J, and N) . Adding AA to Fads2À/À slightly increased colocalization of syntaxin 2 and acrosin in the acrosomal cap (Fig. 9 , C, G, K, and O), while dietary DHA restored colocalization, showing an intense crescent-shaped stain that was comparable to Fads2þ/þ spermatids (Fig. 9, D , H, L, and P).
In contrast to syntaxin 2, syntaxin 6 primarily labeled spermatogonia and did not colocalize with acrosin in Fads2þ/þ spermatids, indicating that syntaxin 6 is likely not involved in acrosome biogenesis (Supplemental Fig. S1 , A, C, E, and G). Syntaxin 6 also localized primarily in spermatogonia in the Fads2À/À testes (Supplemental Fig. S1D ).
To further elucidate cellular localization of acrosin and syntaxin 2, the confocal images were processed with deconvolution and 3D rendering. In Fads2þ/þ round spermatids, a merged image of syntaxin 2 and acrosin staining showed colocalization in the acrosome biogenesis steps, as indicated by the yellow crescent shape over the nucleus (Fig. 10, G ESSENTIALITY OF DHA FOR ACROSOME BIOGENESIS 727 ( Fig. 10K) further clarified that syntaxin 2-acrosin colocalization was largely on the nuclear envelope of round spermatids and on the head of elongated spermatids, at sites where the acrosomes were present. In contrast, testes from Fads2À/À showed punctate colocalization of syntaxin 2 with acrosin ( Fig.  10 , J and L, and Supplemental Movie S6) because acrosin was present only as dots and not as a connected structure (Fig.  10H) . Syntaxin 2 was also strongly stained in perinuclear areas of spermatocytes in both Fads2þ/þ and Fads2À/À, possibly representing ER (Fig. 10, E and F) . In round spermatids of Fads2þ/þ, syntaxin 2 was mainly colocalized with acrosin in cap structures although faint perinuclear staining with no overlap with acrosin was observed (Fig. 10G) . However, round spermatids from Fads2À/À showed stronger staining of syntaxin 2 in the perinuclear areas (Fig. 10F) .
Magnified 3D images revealed that some syntaxin 2, like acrosin, remained in a punctate pattern in the cytosol of Fads2þ/þ, although most syntaxin 2 colocalized with acrosin in the acrosome (Fig. 10, M and M 0 ). Also, in Fads2þ/þ, the punctate cytosolic staining for syntaxin 2 and acrosin showed little overlap, suggesting that they were in different intracellular compartments (Fig. 10, M and M  0 ) . In Fads2À/À, a large number of both syntaxin 2 and acrosin puncta appeared to accumulate throughout the cytosol with no colocalization as a large structure (Fig. 10, N and N 0 ). While acrosin was mostly present in vesicular form, syntaxin 2 was present more in reticular structures, which suggested the presence of syntaxin 2 in the ER and/or TGN (Fig. 10, F and N) .
DISCUSSION
Dietary sources of essential fatty acids, a-linolenic acid and linoleic acid, are well recognized for their important contribution to human health. These essential fatty acids are substrates for the synthesis of HUFAs, AA, and DHA, which are major fatty acids involved in membrane physiology. The Fads2 gene encodes for delta-6 desaturase, which catalyzes the first step of HUFA synthesis as well as the last desaturation step of DHA synthesis [16] . In our previous study, the presence of globozoospermia in HUFA deficiency suggested an essential role of HUFAs in acrosome biogenesis [18] . The study reported here demonstrates that acrosome biogenesis is indeed halted at step 2 of spermiogenesis in HUFA-deficient Fads2À/À testes. Dietary DHA was more effective in restoring the formation of acrosomal caps on Fads2À/À round spermatids compared to dietary AA, further supporting previous studies of rescued fertility in Fads2À/À by dietary DHA [18] .
Electron microscopy showed the presence of Golgi and proacrosomal granules in round spermatids from Fads2À/À, and punctate staining of acrosin by immunohistochemistry was similar between Fads2þ/þ and Fads2À/À at step 2 of spermiogenesis. In Fads2þ/þ, although acrosin was concentrated in the acrosome in the later steps of spermiogenesis, some acrosin remained scattered in the cytosol, indicating that excess acrosin was synthesized at the ER and released from the Golgi. Intense staining for acrosin in the residual bodies also suggests that excess acrosin is produced in the normal process of acrosomal formation. However, in Fads2À/À mice, the Images of nuclei (A-D) , acrosin (E-H), and syntaxin 2 (I-L) immunofluorescence and the merger of all three (M-P) are shown for Fads2þ/þ, Fads2À/À, Fads2À/À plus arachidonic (AA) supplementation, and Fads2À/À plus DHA supplementation. Acrosin and syntaxin 2 colocalize in the acrosomal cap in Fads2þ/þ (M; arrows). DHA supplementation restores acrosinsyntaxin 2 colocalization in the acrosomal cap of round spermatids (P; arrows), whereas AA supplementation is less effective (O). Images are from single optical sections of the raw data. Bar ¼ 10 lm. 728 acrosome failed to develop, and acrosin accumulated throughout the cytoplasm in round spermatids, possibly building up in the ER or within endosomes as summarized in Figure 11 . Although the precise trafficking pattern of acrosomal-resident proteins during acrosomogenesis has not been clearly defined, recent evidence suggests contributions from the early endosomal/lysosomal system [37] . A study showed that ESCRT-0 protein in spermatids was shown to be dispersed throughout the cytoplasm in a punctate pattern that colocalized with early endosome antigen 1 during the Golgi phase but localized at the acrosome in elongating spermatids, suggesting the involvement of endosomes in acrosome biogenesis [38] .
The primary mechanism leading to the loss of acrosome formation in the Fads2À/À spermatids appears to be the failure of proacrosomal granules to fuse in the trans-Golgi regions. This conclusion is supported by other gene-knockout mouse models such as HIV1-Rev binding protein (Hrb, official symbol Agfg1) [34, 39] , protein interacting with C kinase1 (Pick1) [40] , and Golgi-associated PDZ and coiled-coil motifcontaining protein (Gopc) [41] , which show testicular phenotypes similar to the Fads2À/À. These genes encode proteins that are involved in proacrosomal vesicular budding, trafficking, and fusion, and their absence results in disrupted formation of the acrosome, reduced sperm counts, and globozoospermia. It remains to be determined whether DHA interacts with GOPC, PICK1, or AGFG1, or plays an essential role in the function of these proteins during acrosome biogenesis.
Vesicle fusion relies on the formation of a SNARE complex consisting of three main proteins, syntaxin, soluble NSF attachment protein (SNAP), and vesicle-associated membrane protein (VAMP), which drive the union of opposing membranes [36] . Syntaxin and SNAP form a binary SNARE complex, which then forms a ternary SNARE complex with VAMP on the opposing membrane to achieve vesicle fusion. Of the three SNARE components, it appears that syntaxin is regulated by polyunsaturated fatty acids. Syntaxin exists in an inactive and closed conformation and requires activation to form a binary SNARE complex [36] . Free polyunsaturated fatty acids, including AA and DHA released by phospholipase-A2, can activate syntaxin 3 [28] , allowing SNARE complex formation during neurite outgrowth [8] . Similar to neuronal cells, it is conceivable that free DHA in testis may be required ESSENTIALITY OF DHA FOR ACROSOME BIOGENESIS to activate syntaxin 2 to initiate SNARE assembly for proacrosomal vesicle fusion during acrosome biogenesis.
The main syntaxin isoform involved in acrosome biogenesis has not been identified [29] . Although both syntaxin 2 and syntaxin 6 isoforms show gene expression in round spermatids during spermiogenesis, according to the Mammalian Reproductive Genetics Database from University of Washington (http://mrg.genetics.washington.edu), our results demonstrated that syntaxin 2 is the main isoform involved based on its colocalization with acrosin in Fads2þ/þ and its abnormal localization in Fads2À/À. The localization of syntaxin 2 in the acrosome of Fads2þ/þ is consistent with its presence in the acrosome of mature sperm in rodents [42] . Also, our finding of the presence of syntaxin 2 in both spermatocytes and spermatids is consistent with the syntaxin 2À/À mouse phenotype [43, 44] . Spermatogonia and spermatocytes are present in the syntaxin 2À/À testis, but spermatids are absent, indicating that syntaxin 2 is also required for the meiotic progression of spermatocytes to spermatids.
In Fads2þ/þ, syntaxin 2 was mostly colocalized with acrosin in the acrosomal region; whereas, in Fads2À/À spermatids, syntaxin 2 was scattered in the cytosol. Immunohistochemistry revealed that there was little colocalization of cytosolic acrosin and syntaxin 2 in Fads2À/À, indicating that these two proteins reside in different intracellular compartments. In contrast to acrosin that is present as dots, syntaxin 2 staining appeared in more reticular structures in Fads2À/À, suggesting that syntaxin 2 may be localized in ER and/or TGN, as summarized in Figure 11B . This interpretation is consistent with the electron microscopy data because the Golgi apparatus in Fads2À/À mice also appeared to accumulate small vesicles and was somewhat disorganized, with ER-like membranes adhering to the acroplaxome of the spermatid nucleus and accumulating on the cis-face of the Golgi. Thus, acrosome biogenesis may be halted due to the impaired movement of syntaxin 2 from the ER and/or Golgi to proacrosomal granules, and DHA may be required for delivering syntaxin 2 to the developing acrosome (Fig. 11) .
The hypothesis that DHA is required for syntaxin 2 transport into the developing acrosome is further supported by published data showing DHA function in the retina. There is a parallel between acrosome biogenesis and the renewal of photoreceptor discs in the rod outer segment of the retina. Like the acrosome, photoreceptor discs in the rod outer segment are intracellular organelles that are generated by homotypic fusion of Golgi-derived vesicles containing rhodopsin [45] . Colocalization and coimmunoprecipitation of SNARE components, syntaxin 3, and SNAP-25, were increased by DHA, leading to increased rhodopsin delivery to the rod outer segment [9] . Likewise, DHA may be required in round spermatids for the formation of a syntaxin 2-SNAP complex as a prerequisite of the proacrosomal vesicle fusion. Alternatively, the failed secretion of syntaxin 2 with proacrosomal vesicles could be due to impaired reactivation of cis-SNARE. After membrane fusion, a ternary SNARE complex, cis-SNARE, is formed in a fused membrane. The cis-SNARE is inactive until the SNARE proteins are disassembled and reactivated, and DHA may be required for this reactivation process [46] .
Another potential mechanism associated with the observed testicular phenotype in the Fads2À/À spermatids is that DHA may be required for the function of other proteins involved in the ER to Golgi transport. DHA has been shown to alter membrane organization and composition, particularly in lipid rafts [5, 6] ; therefore, its absence in Fads2À/À spermatids could disrupt the insertion of specific proteins important for Golgi function. Several Golgin proteins are associated with the cis-and trans-faces of the Golgi apparatus [47] , and some interact with membrane lipids. GOPC is another TGN protein [48] that is often found among proteins involved in vesicular transport [49] . Spermatids of the GopcÀ/À mice also lack an acrosome due to failed fusion of the proacrosomal vesicles [41] , which supports the hypothesis that disruption of the ER/ Golgi organization may also contribute to the failure of Fads2À/À spermatids to develop an acrosome.
Finally, the globozoospermia observed in the Fads2À/À mice is likely a secondary effect of failed acrosomal biogenesis. An acrosome-acroplaxome-manchette complex has been proposed as the endogenous constituent responsible for spermatid interaction with the Sertoli cell to mediate nuclear remodeling in developing spermatids [34] . Marginal   FIG. 11 . Proposed sequence that leads to disruption of acrosome biogenesis under HUFA deficiency. A) In Fads2þ/þ, the presence of HUFA allows acrosome biogenesis with transport of both syntaxin 2 (red circle) and acrosin (green triangle) from the endoplasmic reticulum (ER) to the Golgi, packaging in proacrosomal vesicles, and eventual fusion of vesicles for acrosome formation. Excess acrosin stays in cytosol, possibly in endosomes, and is removed as residual bodies in later steps. B) In HUFAdeficient Fads2À/À, acrosin is released as proacrosomal vesicles, whereas secretion of syntaxin 2 may be impaired, resulting in accumulation of syntaxin 2 within the ER and/or trans-Golgi network (TGN). The Fads2À/À spermatid appears to have abnormal buildup of both ER and TGN as shown in B. Without syntaxin 2 secretion, proacrosomal vesicles failed to fuse, causing accumulation of acrosin-containing vesicles in the cytosol.
rings limit the acrosomal sac over the acroplaxome and anchor the microtubules of the manchette, thereby participating in shaping the head of the developing spermatid [50] . In the Fads2À/À testis, manchette microtubules are present but the marginal rings appeared abnormal. Failure to develop marginal rings in the HrbÀ/À mice [34] led to head deformities similar to those in Fads2À/À spermatids. HRB binds to the VAMP 7 as an essential component of endocytosis [51] and is present on the cytosolic surface of proacrosomal vesicles. Therefore, HUFA deficiency produced in the Fads2À/À mouse provides further support of the proposed model that acrosomal formation plays an essential role in the shaping of the spermatid head [34] .
In conclusion, HUFA deficiency causes the loss of acrosomal development despite the presence of Golgi-derived proacrosomal granules, indicating a failure of vesicle fusion. Dietary supplementation of DHA restored acrosome biogenesis, whereas AA was less effective. Under HUFA deficiency, acrosin, a cargo protein in proacrosomal vesicles, was dispersed in the cytosol as dots, whereas syntaxin 2, a protein required for vesicle fusion, largely remained in reticular structures. These data suggest that HUFAs are required for proper function and/or trafficking of proteins via the Golgi, which is necessary for proacrosomal granule fusion. The exact intracellular organelles where acrosin and syntaxin 2 reside in the Fads2À/À spermatids are yet to be determined.
